The present study investigated the removal of methylene blue (MB) and orange II (OII) dyes from synthetic wastewater by means of adsorption and photocatalysis using natural kaolins. For MB adsorption, the raw kaolinite-rich samples showed the greatest adsorption capacity, with rapid uptake (90% after 20 min). The experimental results were fitted better using the Langmuir isotherm model parameters compared to the Freundlich model, suggesting that the adsorption corresponds to monolayer coverage of MB molecules over the kaolinite surface. For OII, neither the Langmuir nor the Freundlich model gave reliable results, because the adsorption of anionic dye molecules by the clayey particles is not favoured.
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A B S T R AC T : The present study investigated the removal of methylene blue (MB) and orange II (OII) dyes from synthetic wastewater by means of adsorption and photocatalysis using natural kaolins. For MB adsorption, the raw kaolinite-rich samples showed the greatest adsorption capacity, with rapid uptake (90% after 20 min). The experimental results were fitted better using the Langmuir isotherm model parameters compared to the Freundlich model, suggesting that the adsorption corresponds to monolayer coverage of MB molecules over the kaolinite surface. For OII, neither the Langmuir nor the Freundlich model gave reliable results, because the adsorption of anionic dye molecules by the clayey particles is not favoured.
Mixtures of kaolinite/Degussa TiO 2 were also prepared, and their photocatalytic properties under UVlight exposure were investigated. Decolourization of MB solutions was observed, even in a mixture with low TiO 2 content. This is related to the combined effect of adsorption and photocatalysis and, unlike the pure clay samples, the efficiency of such mixtures against OII was only slightly weaker (80-94%).
For TiO 2 -impregnated clays, with the kaolinite layers separated by sol-gel TiO 2 particles, the MB removal was slow and effective only after >24 h due to the complexity of the bonding of MB molecules. On the other hand, the removal performance against OII solutions was very efficient (nearly 100%) within only 2 h. This excellent performance was attributed to morphological changes in clay particles.
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Because of their many useful properties (e.g. porosity, plasticity, inertness), clay minerals are currently being investigated as attractive, low-cost materials for waste treatment. With the ever-increasing growth in manufacturing and consumption, the problems caused by industrial wastes and wastewater have become a major issue. Dyes are common pollutants from many different industries, ranging from textiles to pharmaceutical plants (Hunger, 2002) . They pose serious environmental and health hazards to both humans and aquatic and marine ecosystems (Christie, 2007; Gupta & Suhas, 2009) . Their removal from industrial effluents before discharge into the environment is of paramount importance because of their toxicity and possible accumulation in the environment. Among the various techniques to remove dyes from effluents, adsorption, coagulation, oxidation and biosorption have been investigated and developed extensively (Slokar & Majcen-Le Marechal, 1998; Robinson et al., 2001; Aksu, 2005; Ali & Gupta, 2007; Wang et al., 2008) . In the field of adsorption, recent efforts concern the use of new and low-cost sorbents. Clays (bentonite, kaolin, sepiolite), zeolites and lime have been used successfully as alternative materials (Gupta & Suhas, 2009) .
These minerals, which are abundant in Portugal, have been reported as good adsorbents in various publications (Santos et al., 2006; Quintelas et al., 2011) . Due to their layer or tubular structure, they have large specific surface areas and adequate mechanical and chemical stability. Among them, untreated montmorillonite and bentonite (Eren & Afsin, 2008; Gupta & Suhas, 2009) , sepiolite (Ozcan et al., 2006) , palygorskite (Al-Futaisi et al., 2007) , kaolinite (Gupta & Suhas, 2009 ) and zeolite (Wang et al., 2006) are the most widely exploited minerals. Another material used for the removal of dyes is titania (TiO 2 ) via a photocatalytic reaction (Fujishima et al., 2008) . This method is considered as very efficient and environmentally safe for wastewater treatment. The ability of TiO 2 to oxidize chemical compounds is exploited to decompose or mineralize organic pollutants (Fujishima et al., 2000; Hermann et al., 2007) . Detoxification of various harmful compounds in both water and air has been demonstrated, using TiO 2 powder, to purify wastewater and polluted air (Carp et al., 2004; Fujishima et al., 2008) . Among the semiconductor photocatalysts, TiO 2 is the most widely studied and used in many applications, because it has a strong oxidation ability, is known to have superhydrophilic properties, is chemically stable in acidic and alkaline media, and is non-toxic, commercially available and inexpensive (Fujishima et al., 2000 (Fujishima et al., , 2008 . Recent research about clays and other low-cost materials for waste treatment, both with and without additions of TiO 2 has included work by Liu et al. (2009) and Chong et al. (2009) , for TiO 2 /montmorillonite and TiO 2 /kaolinite, respectively.
In the present study, the ability of two kaolinites (a natural kaolinite from Portuguese deposits and a commercial one) to absorb a cationic dye (methylene blue, MB) and an anionic dye (orange II, OII) was tested. The clays were also used as substrates for TiO 2 (Chong et al., 2009) . The kaolinite/TiO 2 was produced in two ways: by the simple mixture of TiO 2 nanopowder and kaolinite in different proportions, and by the drop-wise addition of an aqueous TiO 2 sol.
The final products were then tested as photocatalysts for the degradation of MB and OII.
M AT E R I A L S A N D M E T H O D S
The present study investigated the removal of MB and OII dyes (both obtained from from Sigma-Aldrich) from synthetic wastewater by adsorption and photocatalysis with two natural kaolinitic clays. K1 is a representative Portuguese natural clay and K2 is a commercial kaolin (VWR Prolabo, Belgium). The full characterization of the clays will be presented in the following section.
The mineralogical composition of the bulk and clay fractions were determined by X-ray diffraction (XRD) using a Philips X'Pert diffractometer with CuKα radiation. The traditional methodology for clay determination of oriented aggregates was followed (Moore & Reynolds, 1989) , including treatment with ethylene-glycol and heating to 550°C. For mineral quantification, we combined the measurements of peak areas in diffraction patterns (Zevin & Kimmel, 1995) and chemical data (López-Galindo et al., 1996) . The experimental error is ±5%. The microstructural characterization was carried out by scanning electron microscopy (SEM -Hitachi, SU 70) and energy dispersive X-ray analysis (EDS-EDAX with a Bruker AXS detector and Quantax software). Chemical analysis was carried out by X-ray fluorescence (XRF) spectrometry using an Axios Wavelength Dispersive XRF spectrometer. Loss on ignition (LOI) was estimated by measuring the difference in weight between a dried 10 g sample and one calcined at 1000°C. The specific surface areas of the clays were determined by the BET method (Brunauer et al., 1938) with nitrogen gas adsorption at 77 K. The adsorption/desorption isotherms were obtained by the same apparatus. The microstructural characterization was conducted by scanning electron microscopy (SEM-Hitachi, SU 70).
For the dye-adsorption measurements, a given amount of K1 or K2 kaolin was dispersed in 100 mL of dye aqueous solutions at pH = 7, containing varying amounts of dye (50, 75, 100, 125, 150 and 200 ppm) . The dispersions were then stirred at 200 rpm at 20°C for a given time (t = 0, 10, 20, 40, 60 and 120 min) .
Two different methods were used to add TiO 2 to the clays for photocatalytic testing. In the first, different ratios of a commercial TiO 2 nanopowder (Degussa P25, now renamed Aeroxide P25) were added to the clay (K1 or K2). The ratios used were: 100 wt.% Degussa TiO 2 (T100K0), 80/20 wt.% TiO 2 /clay (T80K20), 60/40 wt.% (T60K40), 50/50 wt.% (T50K50), 40/60 wt.% (T40K60) and 20/80 wt.% (T20K80). P25 has a particle size of 21 nm, and is known to consist of 78 wt.% anatase, 14 wt.% rutile and 8 wt.% amorphous matter (Ohtani et al., 2010) . In the second method an aqueous TiO 2 sol was prepared using the method published previously by the authors (Tobaldi et al., 2013a) , prepared as a Ti IV sol with a concentration of 1 mol L -1 . 2.4 mL of this sol was added dropwise to an aqueous suspension of 0.5 g of each clayey sample (K1 or K2). This was equivalent to 0.192 g of TiO 2 , yielding a sample with ∼72 wt.% clay and 28 wt.% TiO 2 . The resulting suspension was washed with deionized water, and heated at 80°C to obtain the final TiO 2 -impregnated powder. The sol particles were 10 nm, and when heated to 80°C, the TiO 2 sol consisted of 43.4 wt.% anatase, 13.3% rutile, 13.1 wt.% brookite and 30.2% amorphous matter (Tobaldi et al., 2013b) . The unit-cell parameters of anatase and rutile in the heated sol were determined with Rietveld refinement.
The photocatalysis tests were performed at room temperature, in a 0.5 L cylindrical photocatalytic reactor containing an aqueous solution of the dye with initial concentration 10 mg L -1 . The concentration of the TiO 2 -modified-kaolin photocatalyst in the slurry was 0.25 g L -1 . The suspension (TiO 2 + clay + dye) was stirred in the dark for 30 min, to allow the adsorption/desorption of MB and OII onto the powders. The lighting of the reacting system was assured by placing two lamps at either side of the reactor; the distance between the lamps and the reactor was 5 cm. The UVA-light source was a germicidal lamp (Philips PL-S 9W, NL), with an irradiance of ∼13 W m -2 in the UVA range. The photocatalytic degradation of MB and OII was monitored by sampling ∼4 mL of the slurry from the reactor, at regular time intervals. The collected solution samples were centrifuged and the residual concentration of MB and OII monitored by UV-visible spectrophotometry (Shimadzu UV 3100) at 665 and 486 nm, respectively.
The extent of MB photocatalytic degradation, ξ, was evaluated from the following equation:
where C 0 is the initial dye concentration and C S is the concentration after a certain UVA irradiation time.
Based on duplicate and in some cases triplicate experiments, the standard error was estimated to be <5%.
R E S U LT S A N D D I S C U S S I O N

Kaolin characterization
The quantitative mineralogical composition based on XRD (wt.%) is reported in Table 1 . The Portuguese kaolin (K1) is composed of 45% kaolinite, 8% illite, 39% quartz and 8% feldspars. A larger amount of kaolinite (73%) and a smaller proportion of quartz (7%) was determined in the commercial kaolin (K2), in accordance with the lesser abundance of SiO 2 and the greater abundance of Al 2 O 3 . K2 also contains 7% interstratified illite/smectite (Ill/Sm).
The K1 and K2 kaolins display a small surface area (∼18 m 2 g -1 ) due to the dominance of kaolinite. The monolayer interaction between adsorbent and adsorbate was fitted with Type II adsorption isotherms (Brunauer et al., 1938) (Fig. 1) . Assuming neutral pH (measured ∼7), a smaller N 2 uptake close to the saturation pressure was observed for the commercial kaolin K2 (quasi-overlapping adsorption-desorption curves). The intersection of the desorption branch with the adsorption branch in K2 is attributed to experimental error.
Adsorption study
The kinetics of MB and OII dye adsorption were evaluated as a function of contact time and initial dye concentration, for the pure clays K1 and K2 (Fig. 2) . Both samples have similar MB uptake behaviour, which exceeds 90% after just 20 min of contact time, and reach an optimum after 1 h, which is an equilibrium state with maximum adsorption (Fig. 2a) . The capacity of the adsorbent was also studied with varying initial concentration (Fig. 2b) . For MB concentrations up to 100 ppm, the uptake capacity of clays K1 and K2 exceeded 95%. At greater concentrations, the clayey materials reached their saturation point, and the adsorption of MB decreased rapidly with increasing dye concentration. This decrease was more accentuated in the case of K1 (only 43% MB was adsorbed with 200 ppm as the initial concentration), because of the smaller proportion of phyllosilicates (53%) in comparison with K2, which has a greater clay-minerals content (88%). For OII (Fig. 2) , the adsorption rate was small due to the anionic nature of this dye (<10%). The uptake of negatively charged molecules by the non-activated clays is extremely limited.
The MB adsorption isotherm model parameters fit better with the Langmuir model, with greater R 2 values of 0.950 and 0.988 for K1 and K2, respectively (Table 2 ). In this case, the monolayer adsorption process is highly favoured in both samples. The adsorption capacity, Q m , of these clays, estimated from the Langmuir monolayer model (22.2 and 23.1 mg g -1 ), is close to the experimental data obtained (∼18 mg g -1 measured by BET), due to the kaolinitic nature of the samples (>60% kaolinite). Following the Freundlich model (Table 2) , the n factor showed a favourable MB adsorption process (n > 1), and considering that 0 < 1/n < 1, there were increased probabilities of multilayer adsorption. For OII, the application of both Langmuir and Freundlich models are inappropriate because of the low adsorption profiles (low R 2 values).
Photocatalysis measurements
Photocatalysis measurements were carried out on the TiO 2 -modified clays, with additions of either P25 or the TiO 2 sol. The photodegradation of MB and OII by different ratios of clay/P25 TiO 2 is shown in Table 3 , where the MB removal efficiency (ξ) is the % of MB removed after 5 h. Better MB removal efficiency (ξ) is observed in K2 mixtures (up to 94%). This is attributed to the smaller amount of TABLE 2. Adsorption isotherm parameters for methylene blue (MB) and Orange II (OII).
Samples
Langmuir equation Freundlich equation phyllosilicates in K1, which might lead to fewer active adsorptive and photocatalytic sites for the degradation of organic molecules. On the other hand, the two clays containing only 40 wt.% of Degussa TiO 2 , displayed acceptable MB dye removal exceeding 92%, close to that achieved using 100% of the commercial TiO 2 photocatalyst (100T0 K). These results are explained by the combination of adsorption and photocatalysis efficiency of these clay mixtures with a minor amount of Degussa P25 TiO 2 . This hypothesis is confirmed by the decrease in the coefficient of determination, R 2 , with the amount of TiO 2 used (Table 3) .
The degradation of OII by different TiO 2 /clay mixtures shows values of R 2 superior to those related to MB photocatalytic mineralization. This behaviour was expected, because the influence of adsorption is practically absent due to the anionic nature of OII. The Degussa P25 sample with TiO 2 content of <40%, also showed a poorer removal efficiency. Nevertheless, the removal is within an acceptable range (>80% for both 40T60 K samples; Table 3 ).
The XRD pattern of the TiO 2 -impregnated Ti-K2 clay is presented in Fig. 3 . A poorly crystalline structure is present (broad band centred at 25°2θ), probably related to the incompletely crystallized TiO 2 when heated at 80°C (contains ∼30 wt.% amorphous matter). The presence of anatase was demonstrated by the peak at 25.3°2θ (101), and rutile by that at 27.5°2θ (110). Quartz and illite are also present.
The SEM image confirmed the presence of TiO 2 nanoparticles on the kaolinite surface (Fig. 3) . The TiO 2 particles are impregnated on platy kaolinite crystals.
The anatase unit-cell volume (Table 4) showed a contraction compared to that in JCPDS card 211272, while that of rutile showed an expansion compared to that of JCPDS card 211276. The dependence of the lattice-volume contraction/expansion on the reduction of the crystalline domain size is in accordance with the work of Li et al. (2005) and of Kuznetsov et al. (2009) . The volume contraction of (nano)anatase is attributed to its highly hydrated surfaces (Li et al., 2005) . The (nano)rutile volume expansion has been ascribed to Ti vacancies (Kuznetsov et al., 2009) . Compared with P25 TiO 2 (anatase: a = 3.77 Å; c = 9.48 Å; rutile: a = 4.58 Å; b=3.03 Å (Gao et al., 2009) ), the lattice parameters of the TiO 2 phases determined in the present study are smaller. This should result in small particle sizes leading to large surface areas providing more active sites (Lv et al., 2009) . Figure 4 illustrates the photocatalytic kinetics of MB and OII by the TiO 2 -impregnated Ti-K1 and Ti-K2 samples, compared to pure Degussa P25 TiO 2 . After TABLE 3 Photodegradation efficiency (ξ) and coefficient of determination (R 2 ). Anatase Rutile The agreement factors of the refinement were: R( F 2 ) = 2.20%, R wp = 5.23%, χ 2 = 1.60.
exclusion of the adsorption effect that occurs during the first 30 min in the dark, the relative photocatalytic dye removal rates were normalized to 100% from the start of exposure to UV light (Fig. 4a,c) . Figures 4b and  4d show the absolute total dye removal from the moment the clay/TiO 2 nanocomposite is added, and combines adsorption and photocatalytic processes. A relatively weak degradation (<35%) of MB under UV light was noticed in both impregnated kaolinitic samples (Fig. 4a) . This behaviour might result from the double benzene ring being bound in complex fashion to the bridging nitrogen in MB molecules, which is only partially broken even after 5 h; however this has yet to be proved. Only after 20 h of UV radiation was almost complete degradation of Ti-K1 and Ti-K2 observed. Despite this moderate photocatalytic activity, the TiO 2 -impregnated clays showed reasonable MB removal, superior to the Degussa P25 TiO 2 , during the first 90 min (Fig. 4b) . Due to their greater adsorption capacities, they initially removed MB much faster than the P25, exceeding 40% removal after just 1 h, although for the most part this, was not due to photocatalysis. The removal mechanism was dominated by adsorption and led to a greater decrease in absolute dye concentration (C/C 0 ) in the case of Ti-K2, due to the greater phyllosilicate content.
Both Ti-K samples displayed fast removal and greater efficiency of degradation of OII (up to 99%) within a short time of 2 h, comparable to that of pure Degussa P25 TiO 2 (Fig. 4c) . The light-activated removal of OII is almost identical to that of pure P25, despite the fact that the TiO 2 -impregnated clays contain only 28% TiO 2 , more than 50% of which is the UV-activated anatase phase. This superior activity is probably due to a better distribution of the nano-sized TiO 2 from the sol, and the porous nature of TiO 2 -impregnated clays. However, in the case of OII (Fig. 4d) , the TiO 2 -sol-modified clays removed OII faster than P25, which reached almost 100% after only 2 h, superior to the P25. Moreover, the TiO 2 -impregnated clays have a superior adsorption rate of the anionic OII dye compared to the pure kaolin samples.
C O N C L U S I O N S
Two kaolinitic samples were tested for the removal of MB and OII dyes by adsorption and photocatalysis. Following adsorption, the clays showed MB removal exceeding 90% after just 20 min of contact time, and an optimum uptake (95%) for MB concentrations of <100 ppm. With OII, the adsorption rate was small (<10%) due to the anionic nature of this dye. The photodegradation of MB and OII using clays modified with TiO 2 was also investigated. The clays mixed with Degussa P25 titania displayed excellent MB-removal efficiencies (ξ), achieving at least 95% removal even with P25 levels as low as 40 wt.%, largely due to adsorption on the clay. Furthermore, high removal rates of >80% were also achieved with OII, which are related to the combined effects of adsorption and photocatalysis. When the TiO 2 -sol-impregnated clays were tested, the photocatalytic MB degradation was much slower than that for pure P25 TiO 2 and was still incomplete even after 20 h. However, the removal of OII was superior to that achieved with pure P25 TiO 2 , approaching 100% removal after only 2 h due to a combination of photocatalytic and adsorption processes.
